Genomic Imprinting Disrupted by a Maternal Effect Mutation in the Dnmt1
The function of the maternal store of Dnmt1o in oogencific expression of certain genes. These data indicate esis and preimplantation development was addressed that Dnmt1o is not required for the establishment of by the construction of a mouse strain that lacks the maternal genomic imprints, but instead appears to be oocyte-specific promoter and first exon. Oocyte-sperequired specifically for maintenance methylation of imcific exon 1o is located ‫7ف‬ kb 5Ј of the somatic promoter printed loci. These data suggest that DNA methyltranswithin the Dnmt1 locus on mouse chromosome 9 (Figure ferases other than Dnmt1 establish methylation patterns 2A; Mertineit et al., 1998). Homologous recombination during oogenesis and maintain them for most of the first in embryonic stem (ES) cells of strain W9.5 was used few cleavage divisions.
to delete a small region of 260 bp that contains exon 1o and proximal promoter sequences (Figure 2A Figure 2A were used in the PCR assay of Figure 2C to confirm that the expected excision event had ocmalities. Homozygous mutant males showed normal fertility, and offspring of matings between these males and curred in the offspring. The deletion allele was designated Dnmt1
⌬1o
. Heterozygous and homozygous offwild-type females were normal. However, homozygous mutant females were almost completely infertile. Early spring of heterozygous parents were obtained at the expected Mendelian frequencies. Constitutive loss-ofdevelopment was not affected, and average number of normal conceptuses at E9.5 was 8.6 embryos per mutant function mutations in Dnmt1 are lethal to differentiating cells (Li et al., 1992) ; the normal development of homozyfemale, a pregnancy rate similar to that seen in wild-type animals. After day 14 of gestation, increasing numbers of gous Dnmt1 ⌬1o animals born of heterozygous parents indicates that the function of the somatic form of Dnmt1 necrotic conceptuses were seen, although characteristic morphological abnormalities were not apparent. was not adversely affected by deletion of the oocytespecific exon.
Nearly all fetuses died between days 14 and 21, but there were rare survivors in the form of one live born The effect of the homozygous Dnmt1 ⌬1o mutation on accumulation of Dnmt1o in oocytes was determined by pup that died within 24 hr of birth, one live born pup that was severely runted and which ceased to feed at immunostaining of ovary sections with PATH52. As shown in the upper row of Figure 2D , oocytes from wildabout 5 weeks of age, and one litter of 5 in which one pup was severely runted (13 grams at 7 weeks of age) type or heterozygous Dnmt1 ⌬1o adult females stained very intensely for Dnmt1, while oocytes from homozyand the remaining 4 (2 females and 2 males) were without gross abnormalities. The female that produced this litter gous Dnmt1 ⌬1o adult females ( Figure 2D , lower row) showed no evidence of Dnmt1 protein when compared had had 3 previous pregnancies, none of which produced viable offspring. Only one homozygous female to nuclei of surrounding granulosa cells, which contain levels of Dnmt1 characteristic of somatic cells. Examiproduced viable offspring out of a total of Ͼ20 pregnancies. In order to determine whether the uterine environnation of homozygous mutant oocytes at earlier stages of oogenesis and of preimplantation embryos derived ment was responsible for the failure of heterozygous conceptuses in homozygous Dnmt1 ⌬1o females, wildfrom homozygous oocytes also showed elimination of Dnmt1o expression (data not shown). The homozygous type blastocysts were transplanted into uteri of homozygous mutant females. Of 36 blastocysts transferred, 16 Dnmt1 ⌬1o mutation therefore allows oogenesis and preimplantation development to proceed in the absence of (44%) developed into normal offspring. The death of heterozygous fetuses derived from homozygous mutant oocytes is therefore unlikely to be due to deficiencies in uterine environment.
Normal Levels of Global Genome Methylation in Embryos of Homozygous Dnmt1
⌬1o Females The DNA of heterozygous E9.5 embryos derived from homozygous Dnmt1 ⌬1o oocytes was examined for global abnormalities of genomic methylation patterns. As shown in Figure 3A 
Methylation and Imprinting Abnormalities in Heterozygous Offspring of Homozygous

Dnmt1
⌬1o Females As described above, the death of offspring of Dnmt1 ⌬1o mutants could not be attributed to global genome demethylation. We therefore tested the possibility that the poor viability of heterozygous offspring of homozygous Dnmt1 ⌬1o females might be due to pathological alterations of genomic imprinting, which would be expected to occur if deprivation of Dnmt1o caused demethylation of imprinted genes. C57BL/6 females homozygous for the mutation were crossed to Mus musculus castaneus (CAST) males to provide single nucleotide polymorphisms that allow discrimination of parental alleles in offspring. Allele-specific expression was measured by half of the maternal alleles of the normally maternally pre-or postzygotically. DNA was isolated from oocytes arrested in meiosis II (two batches of 600), and the methmethylated Peg3 and Snrpn genes were unmethylated. This profile of H19 allele methylation would account for ylation status of the promoter region of the Snrpn gene determined by bisulfite genomic sequencing. As shown the pattern of H19 and Igf2 gene expression seen in embryos derived from homozygous mutant females in Figure 6A , nearly all alleles were densely methylated. Dnmt1o cannot therefore be required for the establish-( Figure 4) ; H19 is expressed from both parental alleles in an individual embryo because of the unmethylated ment of methylation imprints at this sequence, and the observed demethylation in embryos derived from oopaternal H19 alleles, and Igf2 is expressed from paternal alleles because one-half of these have a normal level cytes must have occurred postzygotically. Bisulfite genomic sequencing from small numbers of of paternal-specific methylation of H19. A larger set of genomic sequencing data from a DNA sample derived cells is difficult, applicable only to short sequence tracts, and in most cases the sequences that are critical for from another heterozygous C57BL/6 X C57BL/6 E9.5 dpc embryo supported the results obtained with marked imprinted gene expression have not been identified. Therefore, instead of analyzing the methylation of addialleles; the ratio of methylated to unmethylated alleles was 38:146 (very close to 1:3), whereas wild-type DNA tional genes in homozygous mutant oocytes, a survey of imprinting status across the maternal genome was was close to the expected 1:1 ratio (data not shown). Further evidence of demethylation of one-half of the conducted by microsurgical transplantation of maternal pronuclei from heterozygous zygotes derived from honormally methylated alleles was obtained by analysis of DNA from one of the rare surviving adult offspring of a mozygous Dnmt1 ⌬1o oocytes into normal zygotes from which the maternal pronucleus had been removed homozygous Dnmt1 ⌬1o female. As shown in Figure 6C However, at the 8-cell stage, Dnmt1o is present in the nucleus at high levels. By the 16-cell stage, Dnmt1o is confined to the cytoplasm (Figures 1 and 7A) . We speculate that Dnmt1o is required for the maintenance different chromosomes or subject to the sister chromatid exchanges that occur at very high frequency in preimof methylation patterns specifically during the fourth S phase in the 8-cell embryo and specifically at imprinted plantation embryos (Patkin et al., 1998), they would be subject to random mitotic segregation at the fifth mitoloci.
The 
